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On 20 March 1995, more than 5,500 peo-
ple required emergency medical care after a
sarin attack in the subways of Tokyo, and 12
people were killed. Although there was a
similar sarin attack in Matsumoto City,
Nagano Prefecture, Japan, in 1994, far more
people suffered from poisoning in the sub-
way sarin disaster in Tokyo than in the
Matsumoto sarin attack. 

Sarin is an organophosphate cholinesterase
inhibitor and has been used as a strong mili-
tary nerve gas. Recent reports suggest, how-
ever, that victims in the Tokyo subway sarin
attack were exposed not only to sarin, but
also to other by-products generated during
sarin synthesis (1,2). Although the clinical
manifestations of acute sarin poisoning have
been reported in detail (3–9), no compre-
hensive study of the chronic physical and
psychiatric effects of acute sarin poisoning
has been carried out. Therefore, an epidemi-
ologic study is needed to investigate the
chronic effects of sarin poisoning. However,
for the results of such an epidemiologic
study to be valid, it must include subjects
with homologous backgrounds. Thus, sub-
way passengers who were victims of the dis-
aster are inappropriate for the study because
they are so varied in their backgrounds with
regard to occupation, socioeconomic status,
and educational level. 

The rescue team members and police
officers who were dispatched to the disaster
were also exposed to sarin, primarily or sec-
ondarily. Therefore, to clarify the chronic
physical and psychiatric effects of sarin, a
cross-sectional epidemiologic study was con-
ducted 2 years and 10 months to 3 years and
9 months after the sarin attack on the rescue
team staff members and police officers
involved in the disaster. In this paper we pre-
sent the chronic effects of sarin poisoning on
the central nervous system, on equilibrium,
and on vibratory sensations in relation to
traumatic stress symptoms. 

Materials and Methods

Study design and study subjects. Fifty-seven
study subjects were exposed to sarin, includ-
ing 27 male rescue team staff members of
the Tokyo Fire Department and 30 police
officers of the Metropolitan Police
Department. In each office of each depart-
ment, rough matching by age took place,
and 52 subjects without exposure, including
29 male rescue team staff members and 23
police officers were selected. After excluding
one subject with amnesia not related to sarin
exposure, the study population used for
analysis consisted of 56 exposed subjects
(exposed group) and 52 referent subjects
(referent group). Written, informed consent

was obtained from all subjects after fully
explaining the study procedures.

To assess the dose–effect relationship, it
was desirable to divide the subjects into
groups according to their level of exposure,
creating a high-exposed and low-exposed
group. Because it was impossible to exactly
estimate the exposure level of each subject,
we assigned the subjects who had been hos-
pitalized immediately after poisoning to a
high-exposed group, and those who attended
hospitals as outpatients to a low-exposed
group, based on the description in the self-
administered questionnaire. We checked the
self-administered questionnaire, excluded
two subjects who did not provide any infor-
mation about their hospitalization, and
assigned 25 subjects to the high-exposed
group and 29 to the low-exposed group.
Further, we classified the high-exposed sub-
jects into two groups, namely, those who
lost consciousness or suffered from dyspnea
immediately after poisoning as a possible
hypoxia-positive group, and the remaining
as a possible hypoxia-negative group.

Information regarding age, height,
weight, smoking status, alcohol consump-
tion, and the location and nature of their
work at the incident was obtained from the
same self-administered questionnaire.
Smoking status was assessed by multiplying
packs per day by smoking years (pack-years).
The amount of alcohol consumption during
the course of a week was calculated in terms
of the Japanese scale, gou (equal to about 23
g ethanol). Educational history was surveyed
through office records. Table 1 shows the
characteristics of the study subjects.
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Although the clinical manifestations of acute sarin poisoning have been reported in detail, no
comprehensive study of the chronic physical and psychiatric effects of acute sarin poisoning has
been carried out. To clarify the chronic effects of sarin on the nervous system, a cross-sectional
epidemiologic study was conducted 3 years after the Tokyo subway sarin attack. Subjects con-
sisted of the rescue team staff members and police officers who had worked at the disaster site.
Subjects consisted of 56 male exposed subjects and 52 referent subjects matched for age and occu-
pation. A neurobehavioral test, stabilometry, and measurement of vibration perception thresholds
were performed, as well as psychometric tests to assess traumatic stress symptoms. The exposed
group performed less well in the backward digit span test than the referent group in a dose–effect
manner. This result was the same after controlling for possible confounding factors and was inde-
pendent of traumatic stress symptoms. In other tests of memory function, except for the Benton
visual retention test (mean correct answers), effects related to exposure were also suggested,
although they were not statistically significant. In contrast, the dose–effect relationships observed
in the neurobehavioral tests (psychomotor function) were unclear. None of the stabilometry and
vibration perception threshold parameters had any relation to exposure. Our findings suggest the
chronic decline of memory function 2 years and 10 months to 3 years and 9 months after expo-
sure to sarin in the Tokyo subway attack, and further study is needed. Key words: cross-sectional
study, neurotoxicity, police officers, rescue workers, sarin. Environ Health Perspect
109:1169–1173 (2001). [Online 6 November 2001]
http://ehpnet1.niehs.nih.gov/docs/2001/109p1169-1173nishiwaki/abstract.html



The neurobehavioral test was carried out
by our research group, as were stabilometry
and vibration perception threshold determi-
nations, at four offices of the Tokyo Fire
Department and the Metropolitan Police
Department without knowledge of informa-
tion regarding exposure. There were no sub-
jects with a present illness or past histories of
disease affecting the central nervous system.
Two subjects with low back pain and a past
history of fracture of auditory ossicles,
respectively, were excluded from the analysis
for stabilometry. 

Neurobehavioral tests. The neurobehav-
ioral tests were performed to evaluate the
chronic effects of sarin on the central ner-
vous system. Because of time limitations, it
was impossible to conduct the full neurobe-
havioral test battery recommended by the
World Health Organization. We therefore
selected the five neurobehavioral test items
listed below. The items selected for assessing
psychomotor function were finger tapping,
simple reaction time, and choice reaction
time. The items selected for checking mem-
ory function were digit span and the Benton
visual retention test. Personal computer pro-
grams for the test items were written by one
of the authors (K.O.). Before measurement,
each examinee was given the opportunity to
familiarize himself with the test procedures.
These tests are described below.

The finger tapping test requires the sub-
ject to press a button as fast as possible with
both the dominant and the nondominant
hand. The median value of the tapping
intervals was used as representative for each
examinee. 

In the simple reaction time test, the sub-
ject was required to press the button when-
ever a figure appeared on a monitor in a
series of 20 trials of random-length intervals.
The median value of the reaction times was
used as the summary measure for each exam-
inee. For the choice reaction time test, the
subject was asked to memorize a basic pat-
tern displayed on a screen for 5 sec. The sub-
ject was then required to judge whether the
currently displayed pattern was the same as
the basic pattern and to press an appropriate
key according to his judgment as quickly as
possible. In the choice reaction time, the
median value of the reaction times for cor-
rect answers was used. 

In the digit span test, the subject was
asked to memorize a series of digits displayed
on the screen at 1-sec intervals and to enter
the digits into the computer in the order of
their display within 10 sec. In the next ses-
sion, the subject was asked to reproduce the
digits in the reverse of the order displayed.
The maximal digit number of the correct
answer in both forward and backward digit
span tests was used for analysis. 

For the Benton visual retention test, the
subject was asked to memorize a figure dis-
played on the screen for 10 sec. He was
allowed to retain the memory for 15 sec,
then he was asked to reproduce the figure on
a sheet of paper within 10 sec. This session
was repeated five times, and each time a dif-
ferent figure was displayed. One trained per-
son without any knowledge of exposure
status calculated the rate of correct answers
and the number of errors.

Stabilometry. To assess the chronic
effects of sarin on equilibrium, stabilometry
was performed using the strain-gauge-type
force platform (Gravicorder GS-3000;
ANIMA, Tokyo, Japan) at a sampling fre-
quency of 20 Hz, first with the subjects’ eyes
open, followed by testing with their eyes
closed for 60 sec. The subjects were asked to
watch a small, red circle 3 m away from
where they were standing in a quiet, lighted
room with a flat, hard floor. Before the test,
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Table 2. Results of neurobehavioral tests of psychomotor function, stabilometry, vibration perception
thresholds, and psychometric test.

Exposed Referents
High (n = 25) Low (n = 29) (n = 52)

Mean SD Mean SD Mean SD 

Neurobehavioral test (psychomotor function)
Tapping (dominant; msec)a 132.7 1.2**,# 114.3 1.1 120.7 1.2
Tapping (nondominant; msec)a 149.4 1.2 130.3 1.2 137.0 1.2
Simple reaction time (msec)a 255.5 1.2 242.1 1.1 246.9 1.1
Choice reaction time (msec)a 607.7 1.3 558.6 1.2 591.7 1.3

Stabilometry (eyes open)
Total length (cm)a 84.3 1.4 96.7 1.2*,**,# 83.5 1.2
X length (cm)a 58.2 1.4 68.3 1.2*,**,# 57.3 1.2
Y length (cm)a 48.6 1.4 53.6 1.3 48.3 1.3
Sway area (cm2)a 3.4 2.0 3.7 1.4 3.4 1.5

Stabilometry (eyes closed)
Total length (cm)a 111.7 1.4 137.1 1.3* 114.5 1.3
X length (cm)a 75.2 1.4 91.6 1.4* 76.3 1.4
Y length (cm)a 66.3 1.5 81.4 1.4* 68.5 1.3
Sway area (cm2)a 4.1 2.0 4.7 1.6 4.4 1.5

Vibration perception thresholds
Right index finger (dB)

63 Hz 3.8 7.1 4.1 4.7 3.0 6.0
125 Hz –1.5 7.4 –1.6 5.8 –2.1 5.9
250 Hz 3.2 9.1 4.0 5.8 2.2 7.1

Right middle finger (dB)
63 Hz 4.4 7.4 3.4 7.2 1.4 7.4
125 Hz –1.3 5.7 –1.6 7.1 –2.7 6.9
250 Hz 4.5 7.8 3.3 5.4 2.5 8.6

Left index finger (dB)
63 Hz 4.9 5.5 2.6 6.4 2.0 7.5
125 Hz –0.9 6.2 –3.6 6.3 –3.5 7.0
250 Hz 2.8 7.4 1.2 5.6 0.8 8.3

Left middle finger (dB)
63 Hz 1.8 6.1 2.9 7.0 0.6 8.9
125 Hz –2.6 6.9 –2.4 6.1 –2.3 7.6
250 Hz 2.0 7.4 0.9 6.3 1.3 9.5

Psychometric test
IES score 13.3 14.2 12.0 11.9 8.0 12.5
GHQ score 4.4 5.6 3.3 2.1 2.8 3.6

aGeometric mean and GSD. *p < 0.05 in Student’s t-test or Welch’s method compared to referents. **p < 0.05 for variable
of group (dummy) in multiple regression analysis; the IES score was included as psychometric variable. #p < 0.05 for vari-
able of group (dummy) in multiple regression analysis; the GHQ score was included as psychometric variable instead of
the IES score.

Table 1. Characteristics of the study subjects.

Exposed
High (n = 25) Low (n = 29) Referents (n = 52)

Characteristic Mean SD Mean SD Mean SD p-Valuea

Age (years) 43.8 9.9 44.7 9.3 42.7 9.8 0.65
Height (cm) 167.4 5.4 171.2 5.3 170.0 6.0 0.05
Body weight (kg) 66.0 7.1 72.4 8.4 69.8 11.0 0.05
Drinker (%) 84.0 89.7 88.5 0.80
Smoker (%) 56.0 55.2 58.8 0.94
Educational level 33.3 20.7 35.3 0.38
(% college or higher)

Values shown are mean ± SD except where indicated.
ap-Value for analysis of variance or chi-square test.



care was taken to ensure that the platform
was resting level on the floor.

The following body-sway parameters
were used in this study: the total sway length
of the center of foot pressure during the 60-
sec measurement (total length), sway length
in the medio-lateral (X length) and anterior-
posterior (Y length) directions, and the area
enclosed within the envelope of the outer
perimeter of the x-y plot of the center of foot
pressure (sway area). 

Vibration perception thresholds. The
vibration perception thresholds at the index
and middle fingers bilaterally were measured
at 63, 125, and 250 Hz, with a vibration
sensation meter (AU-02B; Rion Co., Tokyo,
Japan). Each subject was asked to place one
fingertip on a 15-mm diameter plate vibrat-
ing at 65, 125, and 250 Hz. The investigator
gradually increased the intensity of vibration
at each frequency until the subject felt the
vibration sensation. The threshold for each
frequency at each finger was displayed in
decibels.

Psychometric tests. Previous studies have
determined that disaster workers such as fire-
fighters (10) and police officers (11) are at
risk of duty-related psychologic trauma.
Therefore, we assessed traumatic stress
symptoms of the subjects using the Impact
of Event Scale (IES). A 15-item self-rating
scale, the IES was developed by Horowitz et
al. (12). Many studies using the IES have
described its usefulness in the measurement
of psychologic stress after traumatic events
(13), and the reliability and validity of the
Japanese-language version of the IES have
been established (14). We also used the 30-
item General Health Questionnaire
(GHQ-30) (15) for evaluating general mental

health. The Japanese-language version of the
GHQ has also been well-validated (16).

Statistics. After appropriate transforma-
tion to obtain a normal distribution, mean
values from the neurobehavioral tests (psy-
chomotor function), and psychometric tests,
as well as data from the stabilometry and
vibration perception threshold determina-
tions, were compared by the Student’s t-test
or Welch’s method between the high-exposed
and referent groups and between the low-
exposed and referent groups, respectively. A
nonparametric method, the Wilcoxon rank-
sum test, was used for the values of memory
function in the neurobehavioral test due to
the discrete variables.

To control for possible confounding fac-
tors, we applied multiple regression analysis
for the continuous variables and multiple
logistic regression analysis for the discrete
variables. In the multiple logistic analysis,
cut-off points yielding dichotomous cate-
gories for dependent variables were set at
median values. The confounding variables
included in the model were age, height,
weight, alcohol consumption (gou/week),
smoking status (pack-years), and psycho-
metric variables (IES score or GHQ score)
for the stabilometry and the vibration per-
ception thresholds; and age, educational
level (high school, college, or higher), alco-
hol consumption, smoking status, and psy-
chometric variables for the neurobehavioral
test. All statistical analysis was performed
using SAS software (SAS Institute, Cary
NC, USA).

To control confounding, we excluded
from the study 15 staff members (7 exposed,
8 referent) of the Identification Section in
the Metropolitan Police Department who

were routinely exposed to various other
chemicals such as solvents and reagents at
work. In addition, when appropriate, com-
parisons between possible hypoxia-positive
and possible hypoxia-negative were made.

Results

Results of the neurobehavioral test of psy-
chomotor function, stabilometry, vibration
perception thresholds, and the psychometric
test are shown in Table 2. In the neurobe-
havioral test of psychomotor function, the
adjusted tapping interval for the dominant
hand in the high-exposed group was larger
than that in the referent group. For sta-
bilometry, total length, and X length with
eyes open in the low-exposed group were sig-
nificantly larger than those in the referent
group, even after adjustment. However, no
dose–effect relationship was observed. None
of the parameters for the vibration percep-
tion thresholds had any relation to exposure.
Although no significant differences were
found, the IES and GHQ scores did increase
in a dose-dependent manner.

Table 3 shows the results of neurobe-
havioral tests of memory function. The
maximal digit number in the backward digit
span test in the high-exposed group was
lower than that in the referent group, with
marginal significance, and a dose–effect
relationship was found between the maxi-
mal digit number in the backward digit
span test and exposure. In the multiple
logistic regression analysis, the prevalence of
low performers in the backward digit span
test was significantly higher in the high-
exposed group than in the referent group
(Table 4). The distribution of maximal digit
numbers in the backward digit span test in
each group is shown in Figure 1. In the
analysis after excluding the staff members of
the Identification Section, only the maximal
digit number in the backward digit span test
in the high-exposed group was lower than
that in the referent group (Table 5). Table 6
shows the results of the neurobehavioral test
with special reference to possible hypoxia.
None of the neurobehavioral test items
showed any relation to possible hypoxia.
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Table 3. Results of neurobehavioral tests of memory function.

Exposed Referents
High (n = 25) Low (n = 29) (n = 52)

Neurobehavioral test (memory) Mean SD Mean SD Mean SD

Forward digit span (maximal digit number) 6.12 1.51 6.52 1.43 6.38 1.48
Backward digit span (maximal digit number) 4.24 0.72* 4.69 1.37 5.00 1.71
Benton visual retention 

Mean correct answers 2.76 1.54 2.69 1.69 2.71 1.55
Mean errors 3.60 3.12 3.48 3.15 3.38 2.91

*p = 0.07 in Wilcoxon rank-sum test compared to referent group.

Table 4. Results of multiple logistic regression for neurobehavioral tests of memory function.a

Exposed Referents
High (n = 25) Low (n = 29) (n = 52)

Cut-off point Prevalence (%) Adj OR (95% CI) Prevalence (%) Adj OR (95% CI) Prevalence (%) Adj OR (95% CI)

Forward digit span
Maximal digit number ≤ 6 60.0 1.15 (0.40–3.34) 51.7 0.73 (0.27–1.94) 57.7 1.00

Backward digit span
Maximal digit number ≤ 4 68.0 3.19 (1.06–10.38) 51.7 1.17 (0.42–3.23) 46.2 1.00

Benton visual retention
Mean correct answers (n) ≤ 3 60.0 0.52 (0.13–2.03) 65.5 0.54 (0.14–1.97) 63.5 1.00
Mean errors (n) ≥ 3 56.0 1.29 (0.41–4.08) 55.2 1.05 (0.36–3.05) 50.0 1.00

Abbreviations: CI, 95% confidence interval; Adj OR, adjusted odds ratio. 
aIndependent variables are group (dummy), age, educational level (high school, college, or higher), alcohol consumption (gou/week), smoking status (pack-years), and IES score. 



Discussion
Our findings show that the exposed group
performed less well in the backward digit
span test than the referent group, in a
dose–effect manner. This result was the same
after controlling for possible confounding
factors in the multiple logistic analysis and
was independent of the IES score. In other
tests of memory function, except for the
Benton visual retention test (mean correct
answers), effects related to exposure were
also suggested, although they were not statis-
tically significant. Thus, a dose–effect rela-
tionship and consistency were observed to
infer the causal relationship between expo-
sure to sarin and memory disturbance.

These findings are consistent with those
of previous studies demonstrating disorders
in the central nervous system in subjects
exposed to sarin, as revealed by the persis-
tence of an abnormal electroencephalogram
(17,18) or an abnormal evoked potential
(19). In contrast to our results, however,
Yokoyama et al. (20) performed several neu-
robehavioral examinations on victims of the
Tokyo subway sarin incident and observed
no abnormalities in the digit span test.
Because the results of Yokoyama et al. (20)
were based on a rather smaller number of
subjects (18 sarin cases and 15 controls) and
because the test itself was performed in a dif-
ferent manner from ours, a simple compari-
son is meaningless. Nakajima et al. (5)
conducted health examinations and a ques-
tionnaire survey in 52 rescue team members
exposed to sarin in the Matsumoto sarin
incident and reported that the symptoms of
all the rescuers had disappeared 1 year after
the incident. However, they did not evaluate
subclinical conditions of subjects. Although
there have been no comprehensive studies of
the effects of sarin poisoning on the central
nervous system, epidemiologic studies on
organophosphate pesticide intoxication can
provide us with valuable information.
Rosenstock et al. (21) reported significant
differences between subjects exposed to
organophosphate pesticide and age-matched
controls in the digit span test and the
Benton retention test, but no significant dif-
ference between the two in tapping and sim-
ple reaction tests, results that are in good
agreement with ours. Thus, epidemiologic
coherence suggests causality between the
sarin attack and memory disturbance. 

In contrast, the mechanism of memory
disturbance due to sarin remains unclear. As
cholinesterase activity will recover to normal
levels in approximately 3 months, the mem-
ory disturbance observed in the present
study may have been caused by unknown
mechanisms other than cholinesterase inhi-
bition. Murata et al. (19) suggested that
abnormal event-related potentials which

were detected in subjects exposed to sarin
may imply a consequence of lasting hip-
pocampal pathology induced by sarin.
According to an interesting recent study
using the patch-clamp technique, sarin
appears to inhibit the evoked release of
γ-aminobutyric acid at low concentrations in
rat hippocampal neurons, which are believed

to be closely associated with memory func-
tion (22,23). 

Contrary to the results of the neurobe-
havioral tests of memory function in the pre-
sent study, the dose–effect relationships
observed in the neurobehavioral tests of psy-
chomotor function were unclear. None of
the stabilometry and vibration perception
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Figure 1. Distribution of maximal digit number in backward digit span test.
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Table 5. Results of neurobehavioral tests after excluding the staff of the Identification Section.

Exposed Referents
High (n = 25) Low (n = 22) (n = 44)

Mean SD Mean SD Mean SD 

Tappinga

Dominant (msec) 132.7 1.2 114.9 1.2 124.5 1.2
Nondominant (msec) 149.4 1.2 133.6 1.2 139.7 1.2

Reaction timea

Simple (msec) 255.5 1.2 238.0 1.2 243.5 1.1
Choice (msec) 606.7 1.3 565.8 1.3 593.3 1.3

Digit span
Forward (maximal digit number) 6.12 1.51 6.50 1.50 6.48 1.47
Backward (maximal digit number) 4.24 0.72* 4.64 1.43 5.16 1.74

Benton visual retention 
Mean correct answers 2.76 1.54 2.45 1.65 2.75 1.57
Mean errors 3.60 3.12 3.73 3.07 3.39 2.98 

aGeometric mean and GSD. *p < 0.05 in Wilcoxon rank-sum test compared to referent groups. 

Table 6. Results of neurobehavioral tests with special reference to possible hypoxia.

Possible hypoxia positive Possible hypoxia negative
(n = 10) (n = 15)

Mean SD Mean SD p Valuea

Tappingb

Dominant (msec) 128.3 1.2 136.1 1.2 0.44
Nondominant (msec) 140.2 1.3 156.0 1.2 0.26

Reaction timeb

Simple (msec) 271.0 1.2 249.5 1.1 0.24
Choice (msec) 661.9 1.2 582.4 1.3 0.18

Digit span
Forward (maximal digit number) 6.20 1.48 6.07 1.58 0.80
Backward (maximal digit number) 4.50 0.53 4.07 0.80 0.09

Benton visual retention 
Mean correct answers 2.40 1.51 3.00 1.56 0.28
Mean errors 4.10 3.18 3.27 3.15 0.36

ap-Value in Student’s t-test or Welch’s method or Wilcoxon rank-sum test between possible hypoxia positive and possible
hypoxia negative. bGeometric mean and GSD.



threshold parameters had any relation to
exposure.

This study has several limitations. First, it
was impossible to estimate the exact exposure
level. To assess the dose–effect relationship,
we initially divided the subjects into high-
and low-exposed groups according to the
first-measured cholinesterase levels. However,
we discarded this criterion for the following
reasons: a) the interval between exposure and
the measurement of cholinesterase activity
varied from one subject to another; b) the
measurement of serum cholinesterase activi-
ties were different among the hospitals; and c)
it was impossible to obtain the serum
cholinesterase level of each subject before the
exposure. Thus, we assigned the exposed sub-
jects according to their history of hospitaliza-
tion. Second, among police officers, the
persons from the Identification Section might
have been exposed to chemicals such as sol-
vents and test reagents. In this study we
excluded 15 persons from the Identification
Section, and the results were the same. Third,
it is debatable whether the effects on the cen-
tral nervous system observed in this study
were truly caused by the direct action of sarin.
They might rather have appeared as sec-
ondary effects due to hypoxia resulting from
coma and dyspnea. To assess this hypothesis,
we further divided the hospitalized patients
into two groups according to the presence of
possible hypoxia and compared their test
results between the two groups; no significant
difference was found between these two
groups. We must also consider the involve-
ment of psychiatric factors not represented by
the IES score. In addition to the IES, which is
specific for traumatic stress symptoms, we
used the GHQ-30 as an instrument for evalu-
ating the general mental health state of the
subjects. The result was the same, even after
adjustment for the GHQ score. It is possible,
however, that certain psychiatric factors that

could not be detected even by the evaluation
based on the IES and GHQ scores were
involved in the findings of this study. As such,
there remains room for further investigation. 

In conclusion, we observed the chronic
decline of memory function in rescue team
staff members and police officers 2 years and
10 months to 3 years and 9 months after
exposure to sarin in the Tokyo subway sarin
attack. This finding was independent of
traumatic stress symptoms. However, it is
necessary to determine whether the memory
disturbance observed in this study is truly
caused by the direct neurotoxicity of sarin, a
determination that should be made based on
further study and a body of sound evidence.

REFERENCES AND NOTES

1. Hui D, Minami M. Monitoring of fluorine in urine samples
of patients involved in the Tokyo sarin disaster, in con-
nection with the detection of other decomposition prod-
ucts of sarin and the by-products generated during sarin
synthesis. Clin Chim Acta 302:171–188 (2000).

2. Minami M, Hui DM, Wang Z, Katsumata M, Inagaki H, Li Q,
Inuzuka S, Mashiko K,Yamamoto Y, Ootsuka T, et al.
Biological monitoring of metabolites of sarin and its by-
products in human urine samples. J Toxicol Sci 23(suppl
2):250–254 (1998).

3. Nakajima T, Ohta S, Morita H, Midorikawa Y, Mimura S,
Yanagisawa N. Epidemiological study of sarin poisoning
in Matsumoto City, Japan. J Epidemiol 8:33-41 (1998).

4. Suzuki J, Kohno T, Tsukagosi M, Furuhata T, Yamazaki K.
Eighteen cases exposed to sarin in Matsumoto, Japan.
Intern Med 36:466–470 (1997).

5. Nakajima T, Sato S, Morita H, Yanagisawa N. Sarin poi-
soning of a rescue team in the Matsumoto sarin incident
in Japan. Occup Environ Med 54:697–701 (1997).

6. Okumura T, Takasu N, Ishimatsu S, Miyanoki S,
Mitsuhashi A, Kumada K, Tanaka K, Hinohara S. Report
on 640 victims of the Tokyo subway sarin attack. Ann
Emerg Med 28:129–135 (1996).

7. Morita H, Yanagisawa N, Nakajima T, Shimizu M,
Hirabayashi H, Okudera H, Nohara M, Midorikawa Y,
Mimura S. Sarin poisoning in Matsumoto, Japan. Lancet
346:290–293 (1995).

8. Kato T, Hamanaka T. Ocular signs and symptoms caused
by exposure to sarin gas. Am J Ophthalmol 121:209–210
(1996).

9. Rengstorff RH. Accidental exposure to sarin: vision
effects. Arch Toxicol 56:201–203 (1985).

10. McFarlane AC. The longitudinal course of posttraumatic

morbidity. The range of outcomes and their predictors. J
Nerv Ment Dis 176:30–39 (1988).

11. Carlier IV, Lamberts RD, Fouwels AJ, Gersons BP. PTSD
in relation to dissociation in traumatized police officers.
Am J Psychiatry 153:1325–1328 (1996).

12. Horowitz M, Wilner N, Alvarez W. Impact of Event Scale: a
measure of subjective stress. Psychosom Med 41:209–218
(1979).

13. Weiss D. Psychometric review of the Impact of Events
Scale In: Measurement of Stress, Trauma, and Adaptation
(Stamm BH, ed). Lutherville, MD:Sidran Press, 1996;186–188. 

14. Asukai N, Miyake Y. Posttraumatic stress disorder as a
function of the traumatic event, posttrauma stress and
pretrauma vulnerability. Psychiatry Clin Neurosci
52(suppl):75–81 (1998).

15. Goldberg DP. The Detection of Psychiatric Illness by
Questionnaire: A Technique for the Identification and
Assessment of Non-psychotic Psychiatric Illness.
Maudsley Monographs No. 21. London:Oxford University
Press, 1972.

16. Kitamura T, Sugawara M, Aoki M, Shima S. Validity of
the Japanese version of the GHQ among antenatal clinic
attendants. Psychol Med 19:507–511 (1989).

17. Duffy FH, Burchfiel JL, Bartels PH, Gaon M, Sim VM.
Long-term effects of an organophosphate upon the
human electroencephalogram. Toxicol Appl Pharmacol
47:161–176 (1979).

18. Burchfiel JL, Duffy FH. Organophosphate neurotoxicity:
chronic effects of sarin on the electroencephalogram of
monkey and man. Neurobehav Toxicol Teratol 4:767–778
(1982).

19. Murata K, Araki S, Yokoyama K, Okumura T, Ishimatsu S,
Takasu N, White RF. Asymptomatic sequelae to acute
sarin poisoning in the central and autonomic nervous
system 6 months after the Tokyo subway attack. J
Neurol 244:601–606 (1997).

20. Yokoyama K, Araki S, Murata K, Nishikitani M, Okumura
T, Ishimatsu S, Takasu N, White RF. Chronic neurobe-
havioral effects of Tokyo subway sarin poisoning in rela-
tion to posttraumatic stress disorder. Arch Environ
Health 53:249–256 (1998).

21. Rosenstock L, Keifer M, Daniell WE, McConnell R,
Claypoole K. Chronic central nervous system effects of
acute organophosphate pesticide intoxication. The
Pesticide Health Effects Study Group. Lancet 338:223–227
(1991).

22. Rocha ES, Chebabo SR, Santos MD, Aracava Y,
Albuquerque EX. An analysis of low level doses of
cholinesterase inhibitors in cultured neurons and hip-
pocampal slices of rats. Drug Chem Toxicol 21(suppl
1):191–200 (1998).

23. Chebabo SR, Santos MD, Albuquerque EX. The
organophosphate sarin, at low concentrations, inhibits
the evoked release of GABA in rat hippocampal slices.
Neurotoxicology 20:871–882 (1999).

Articles • Effects of sarin on the nervous system

Environmental Health Perspectives • VOLUME 109 | NUMBER 11 | November 2001 1173

http://ehpnet1.niehs.nih.gov/docs/admin/instruct.html


